The present work deals with the corrosion behavior of mild steel in acidic medium. The inhibitive effect of substituted 1, 3, 4-Thiadiazol-2amines on the corrosion of mild steel in 1 M H 2 SO 4 has been studied by weight loss and electrochemical methods. The electrochemical parameters for mild steel in acidic solution with and without inhibitor were calculated. The effect of temperature on the corrosion rate, activation energy and free energy of adsorption were also calculated. The synergistic effect has been studied by weight loss and electrochemical methods. The electrochemical parameters for mild steel in acidic solution were also calculated.
Introduction
Most of the acid inhibitors are organic compounds nitrogen, sulphur and/or oxygen atoms. It has been reported that many heterocyclic compounds containing heteroatoms like N, O, S have been proved to be effective inhibitor for the corrosion of steel in acid media. The influence of such organic compounds, on the corrosion of mild steel in acidic solution has been investigated by several authors. The inhibition property of these compounds is attributed to their molecular structure. The planarity and lone electron pairs in the heteroatoms are important features that determine the adsorption of these molecules on the metallic surface. They can adsorb on the metal surface, block the active sites on the surface and there by reduce the corrosion rate.
The aim of this work is to investigate the role played by newly synthesized substituted 1, 3, 4-thiadiazol-2-amines on the corrosion behaviour of mild steel in 1 M H 2 SO 4 . Using thiadiazolines only biological activities were carried out. Moreover using other N-heterocyclic compounds like thiadiazoles, triazoles, thiosemicarbazones etc. various corrosion studies were carried. Hence a corrosion study using substituted 1, 3, 4-thiadiazol-2-amines is a new methodology though its synthesis already exists. Since the work on the corrosion inhibition of mild steel is not expensive, an attempt was made to examine the inhibitive action of mild steel in acidic solutions.
Experimental
Mild steel specimens having the size of 3.5 x 1.5 cm 2 (C: 0.07%, S: Nil, P: 0.008 %, Si: Nil, Mn: 0.34, Rest: Fe) were used for the weight loss measurement.
Synthesis of inhibitor
Substituted 1,3,4-thiadiazol-2-amines [(01TD),(02TD)(03TD)] have been chosen as inhibitors for the present investigation. The chemicals used were of Analar grade. 1,3,4-Thiadiazol-2-amines was synthesized in three stages as follows.
Stage I: Preparation of N-aryl thiosemicarbazide
About 0.1 mole of the aromatic primary amine was dissolved in 50 mL of 95% ethanol and 20 mL of ammonium hydroxide was added. After cooling the reaction mixture below 30 o C, 8 mL of carbon disulphide was added slowly for 15 minutes with shaking. After the complete addition of carbon disulphide the solution was allowed to stand for an hour. About 0.1 mole of sodium chloroacetate solution was added to it. During this addition, the reaction was found to be exothermic and colour change was observed from red to yellowish green. About 20 mL of 50% solution of hydrazine hydrate was added. The mixture was warmed gently and kept overnight. The product thiosemicarbazide was filtered and recrystallised from ethanol. The purity of the compound was checked using TLC.
Stage II: Preparation of N-arylthiosemicarbazones
About 0.01 mole of the aromatic aldehyde and 0.01 mole of thiosemicarbazide were dissolved in 50 mL of ethanol and the solution was taken in a round bottomed flask. The mixture was refluxed for 3 to 4 h on a water bath. The product was cooled, filtered and recrystallised from ethanol.
Stage III: Preparation of thiadiazolines
The thiosemicarbazone in ethanol and sodium hydroxide with a little water was warmed on a water bath for 5 minutes and a solution of 10 % potassium ferricyanide was added drop wise until precipitation just appeared. The contents were warmed for about 1-2 h on a water bath and mixture was poured into a beaker, containing water. The product was filtered and recrystallised from ethanol. The compounds synthesized in this present study were (01TD), (02TD) and (03TD). 
Structure and melting point of the Inhibitors

Weight loss measurement
Mild steel specimen was polished using 1/0, 2/0, 3/0 and 4/0 emery papers and finally degreased with the organic solvent trichloroethylene. The specimens were weighed. After weighing the specimens were immersed in 1 M sulphuric acid with and without inhibitor. After 2 h, the specimens were washed with distilled water, dried and again weighed. The weight loss was noted. From this weight loss value, corrosion rate and inhibition efficiency were determined. Corrosion rate has been determined from the following relationship. 534 x Weight loss in mg Corrosion rate (mpy) = Density in g/cc x Area in sq.inches x Time in h Inhibitor efficiency has been determined by using the following relationship.
Inhibitor efficiency (%) = 0 e 0 W -W W Where, W 0 is the weight loss without inhibitor and W e is the weight loss with inhibitor.
Temperature studies
The inhibition efficiencies of substituted thiadiazolines at room temperature and higher temperatures (313, 318, 323 and 328 K) have been determined for optimum inhibitor concentration of their inhibitors by using weight loss experiments. This study gives details about the nature of adsorption and activation energy.
Electrochemical studies Electrode surface preparation
The mild steel rod with an exposed area of 0.785 cm 2 was polished using 1/0, 2/0, 3/0 and 4/0 emery papers and finally degreased with the organic solvent trichloroethylene and immediately used for the experiments.
Electrode cell assembly
Electrochemical measurements were carried out in a glass cell with a capacity of 100 mL. A platinum electrode and a saturated calomel electrode were used as a counter electrode and reference electrode respectively. The mild steel electrode was then placed in the test solution (uninhibited and inhibited solutions) for 10-15 minutes before electrochemical measurements.
Electrochemical study
Electrochemical impedance spectroscopy (EIS) and Tafel polarization studies were conducted in a electrochemical measurement unit (Model 1280 B Solartron, UK). The EIS measurements were made at corrosion potentials over a frequency range of 10 kHz to 0.01 Hz with signal amplitude of 10 mV. The Tafel polarization measurements were made after EIS for a potential range of -200 mV to + 200 mV with respect to open circuit potential, at a scan rate of 1mV/sec. The I corr , E corr , R ct and C dl values were obtained from the data using the corresponding "Corr view" and "Zview" softwares. The inhibition efficiency from potentiodynamic polarization was calculated from the value I corr by using the formula. I corr(inh ) is the corrosion current in the presence of inhibitor. The inhibition efficiency from impedance measurements was calculated using the formula
Where, R ct (inh) is the charge transfer resistance in the presence of inhibitor. R ct (blank) is the charger transfer resistance in the absence of inhibitor.
Synergistic effect
The synergistic effect was also studied by electrochemical techniques in the presence of 1 M KCl, KBr and KI to the steel specimen immersed in 1 M sulphuric acid containing various concentrations of inhibitors for duration of 2 h. From the weight loss data the corrosion rate and inhibition efficiency was calculated.
Results and Discussion
Weight loss measurements
The inhibiting efficiencies and corrosion rate with different concentrations (0.04, 0.06, 0.08 and 0.1 mM) of the inhibitors [(01TD) and (02TD)] and with the concentrations (0.04, 0.06, 0.08, 0.1, 0.2, 0.4 and 0.6 mM) of the inhibitor (03TD) on mild steel in 1 M sulphuric acid have been evaluated by weight loss measurements and results were summarized in Table 1 .
The effect of concentration on inhibition efficiencies and corrosion rate were shown in Figure 1 . The synergetic effects caused by halide ions were also included in Table 2 . The inhibition efficiencies and corrosion rate of the inhibitors at higher temperature were given in Table 3 . 
Potentiodynamic polarization studies
Potentiodynamic polarization studies were carried out for the corrosion of mild steel in 1 M sulphuric acid solution with and without inhibitors. The experiments were carried out at 30±1°C with a fine Luggin capillary to avoid ohmic polarization. The working electrode was prepared from a cylindrical mild steel rod insulated with polytetraflouroethylene tube such that the area exposed to the solution was 0.785 cm 2 . A saturated calomel electrode was used as the reference and platinum electrode (1 cm 2 ) was used as the counter electrode. The electrochemical parameters E corr (corrosion potential) and I corr (corrosion current) were obtained by the extrapolation of anodic and cathodic slopes. Tafel constants b a and b c were obtained from the anodic and cathodic polarization curves, respectively. These parameters are listed in Tables 4-6 
Electrochemical impedance spectroscopic studies
The corrosion behaviour of mild steel in acidic solution in inhibitors has been investigated by EIS method at 30 ºC. Nyquists plots were recorded and typical plots are given in Figures 5-7 
It is evident from the Tables 10-12 that R ct value increases with increase in concentration and reaches a limiting value at 0.1 mM for the inhibitors [(01TD) and (02TD)] and at 0.6 mM for the inhibitor (03TD). The data also indicate that C dl value increases with increase in concentration of the inhibitor. The increase is due to the adsorption of inhibitors on the metal surface. The efficiencies of the inhibitors were included in Tables 7-9. 
Adsorption isotherm
Organic molecules are used to inhibit corrosion as they get adsorbed on the metal-solution interface. The adsorption depends on the chemical structure of the inhibitor, chemical composition of the solution, nature of the metal surface, temperature and electrochemical potential at the metal-solution interface. The adsorption provides information about the adsorbed molecules themselves as well as their interaction with the metal surface. The values of surface coverage (θ) corresponding to different concentration of inhibitor (C) are used to obtain the best adsorption isotherm. The θ values have been calculated using the following relationships. Various adsorption isotherms were tested for the present experimental data and it has been found that data follow only Tempkin adsorption isotherm. The surface coverage (θ) for all the compounds when ploted against log concentration showed a linear plot, suggesting Tempkin adsorption isotherm 1,2 . The inhibition was essentially based on the coverage of the metal surface by the inhibitor molecules, thus preventing contact of the corroding species with acid 3 . The nitrogen, oxygen and sulphur atoms of the inhibitor molecules make it adsorbed readily on the metal surface forming an insoluble stable film on the metal surface thus decreasing metal dissolution.
Adsorption of molecules on the metal surface is due to coordination of the π electron system and nonbonding electrons of the hetrocyclic nitrogen and sulphur to the metal atom. π electron density would likely stabilize the complex. The involvement of the π electron density distinguishes the efficiencies of (02TD) and (03TD).
Effect of temperature
To verify the nature of adsorption, the effect of temperature on the corrosion behavior of mild steel in presence of inhibitors was studied using weight loss technique. The data in Table 3 indicates that rate of corrosion increases with raise in temperature. This behaviour reveals that these inhibitors are efficient at optimum temperature. It has been reported by some authors that in acid solution, the logarithm of the corrosion rate is a linear function of 1/T (Arrhenius equation). log(Rate)= -E a Where, E a is the apparent effective activation energy, R is the general gas constant and A the Arrhenius preexponential factor. A plot of log of corrosion rate obtained by weight loss measurement versus 1/T gave a straight line as shown in Figure 8 . The values of activation energy E a obtained from the slope of the lines are given in Table 10a . The data shows that activation energy (E a ) values for inhibited system are higher than those of unihibited system and are more effective at room temperature. log CF Free energy of adsorption (∆G 0 ads ) was calculated using the following equation 4 . ∆G 0 ads = -RT ln (55.5 K), where, K= [θ/(C (1-θ))] Where θ is degree of coverage on the metal surface, C is the concentration of the inhibitor, K is equilibrium constant, R is gas constant and T is temperature. The obtained values of ∆G 0 ads point out the spontaneity of the adsorption process in the experimental conditions. Generally, values of ∆G ads until -20 kJ/mol are consistent with the electrostatic interaction between the charged molecules and the charged metal surface (physical adsorption). Those more negative than -40 kJ/mol involve charge sharing or transfer from the inhibitor molecules to the metal surface to form a co-ordinate type of bond (chemisorption) [5] [6] [7] . Radovici 8 classifies the inhibitors into 3 groups according to temperature effects: 1. Inhibitors whose I.E decreases with temperature increase and E a is greater than that in the uninhibited solution. This is an indication of physisorption. 2. Inhibitors whose I.E does not change with temperature. The E a does not change with the presence or absence of inhibitors. 3. Inhibitors whose IE increases with temperature and E a is smaller for the inhibited solution, which is characteristic of chemisorption. Popova et al. 9 also interpreted the decrease of I.E value with temperature increase as an indication for a physical or columbic type of adsorption. Therefore it can be concluded that thiadiazolines are adsorbed on the mild steel surface by physisorption
In the present study the low and negative value of ∆G 0 ads shown in Table 10 (b) indicated the spontaneous adsorption of inhibitor on the surface of the mild steel. ∆G 0 ads values are less than -20 kJ/mol, which show physical adsorption of inhibitors on the metal surface. 
Nature of inhibitor
Shift in the values of Tafel constants b a and b c determines the nature of the inhibitor. In general, an increase in the b c values with the concentration of the inhibitor is a characteristic phenomenon of a cathodic inhibitor which indicates an increase in the energy barrier for proton discharge leading to less gas evolution. On the other hand, an increase in b a value with the concentration of the inhibitor is an indication of anodic type inhibitor. This type of inhibitor prevents anodic dissolution. The variation of b a and b c values with the concentration of inhibitor in 1 M H 2 SO 4 are given in 
Nature of anchoring site of the inhibitor
Inhibition of corrosion of mild steel in the acidic solutions by (01TD), (02TD) and (03TD) compounds can be explained on the basis of molecular adsorption. In acidic solution these compounds exists as protonated species. These protonated species may adsorb on the cathodic sites of mild steel and decrease the evolution of hydrogen. It is apparent from the molecular structures that these compounds are able to get adsorbed on the metal surface through π electrons of aromatic ring and lone pair of electrons of N,O and S atoms. In this study the hetero atoms in five membered ring participates maximum. The π electrons of aromatic ring also participates for the same. This ring is assumed to be parallel to the mild steel surface in all the three cases. Electron donating groups generally increases the availability of the π electrons for the inhibition.
In the case of (03TD) OH group is in the ortho position. Probably this OH group forms Hbonding with the lone pair of electrons of the five membered ring which excludes the participation of the N-atom in five membered ring which in turn decreases the efficiency.
In (02TD) OCH 3 group is in the para position which completely makes the π electrons of aromatic ring for the inhibition. The nature of the adsorption may be shown as follows (03TD) Among the compounds investigated in the presence study, the order of inhibition efficiency has been found as follows, (02TD) > (01TD) > (03TD)
Synergistic influence of halide ions
The mechanism of the reaction can be explained as follows. The synergistic effect brought about by the combination of inhibitor and halide ions for corrosion of mild steel in 1 M H 2 SO 4 can be explained as follows. The strong chemisorption of iodide ions on the metal surface is responsible for the synergistic effect of halide ions in combination with inhibitor cation. The positively charged inhibitor ion are then adsorbed by coulometric attraction at the metal surface, where iodide ions already adsorbed by chemisorption. Stabilization of adsorbed iodide ions by means of electrostatic interaction with positively charged inhibitor leads to greater surface coverage and there by greater inhibition. The order of reactivity of halide ions are as follows KI > KBr > KCl.
Conclusion
1. Variously substituted thiadiazolines exhibits maximum efficiency towards corrosion inhibition of mild steel in 1 M H 2 SO 4 media even at a very low concentration. 2. The inhibition of corrosion by thiadiazolines is due to the physical adsorption on the metal surface.
3. It is apparent from the molecular structures that these compounds are able to get adsorbed on the metal surface through π electrons of aromatic ring and lone pair of electrons of N, O, and S atoms. S and O atoms are present both in the five membered rings and in the side chain but variation of the substitution in the side chain varies the inhibition efficiency. 4. The trend in the inhibition efficiency of thiadiazolines within the series has been found in he order (01TZ) > (02TZ) > (03TZ). 5. These compounds act as mixed type with more cathodic character and obeys Tempkin adsorption isotherm.
